Colloidal semiconductor nanocrystals or quantum dots (QDs) are well known for their potentials of being excellent materials for lighting and display technologies. [1] [2] [3] [4] [5] [6] They combine the advantages of low-cost colloidal chemistry synthesis, the stability of inorganic semiconductor compounds and the wide bandgap tunability of nanomaterials. For optoelectronic applications, QDs have been used as downconverters for current solid-state lighting and displays, emissive layers in lightemitting diodes (QLEDs) [7] [8] [9] [10] and optical gain media in lasers of multiple colors.
11 -13 Studies on single QDs and their ensemble behavior have given insight into the factors affecting the electro-and photo-luminescence of these materials. [14] [15] [16] [17] Recent advances in colloidal synthesis techniques have enabled production of QDs with near-unity photoluminescence (PL) quantum yields (QYs), 18 with high robustness in different environments 19 or with engineered structures to fine-tune their quantum electronic properties such as suppressed Auger recombination rates. [20] [21] For example, thick shell and alloyed core-shell interface for QDs were shown to be successful in the suppression of Auger recombination and resulted in high quantum yields. [21] [22] [23] With the rapid progress in the development of high-quality QDs, it became possible to develop high-performance QLEDs with near 100% internal quantum efficiency (IQE). [9] [10] However, in many cases, the QDs usually do not maintain their performance under device operating conditions and thus the QLEDs suffer from an efficiency roll-off behavior at high current densities. The limiting factors of efficient operation of QLEDs are being actively studied to understand and improve their performance not only on the efficiency but also on the intensity and the stability. [24] [25] [26] Initially, Shirasaki et al. 27 reported that efficiency roll-off in QLEDs is electric field induced and is not related to QD charging. Bozygit et al. 28 also suggested the effect of electric field induced quantum confined Stark effect (QCSE) to be the primary cause.
However in the same year, Bae et al. 29 demonstrated that QD charging leads to efficiency roll-off at high current densities by doing time-resolved photoluminescence (TRPL) studies with CdSe/CdS C/S QDs. The efficiency roll-off or "droop" has also been reported [30] [31] [32] in GaN based LEDs explained by charging and
Auger process. They also demonstrated that by introducing an optimized alloy layer between the core and the shell rather than abruptly terminating boundaries, the Auger recombination can be suppressed. It can however be understood that the effect of electric field (QCSE) is higher in CdSe/CdS QDs when compared with gradient composition CdSe@ZnS QDs. Indeed, development of gradient composition QDs for green-, blue-and red-emitting QDs of CdSe@ZnS with varying precursor composition showed high-performance QLEDs. 33 However, there is still not a clear understanding of CdSe@ZnS QD performance in the active QLED and their role in device efficiency. In this work, we systematically studied exciton dynamics of CdSe@ZnS QDs in QLEDs under operating conditions, i.e. during actual electroluminescence. We analysed the exciton behaviour for significantly large number of QLED regions to understand their dynamics statistically and then correlate them with QLED fabrication and different operating conditions.
Results and discussion
In this work, we fabricated QLED devices with the inverted structure architecture (figures 1(a) and 1(b)) using colloidally synthesized green CdSe@ZnS QDs having a gradient composition Cd 1-x Zn x Se 1-y S y structure where CdSe was at the central core and ZnS at the outermost shell. 34 The TEM image of these QDs shows a uniform size (~ 6 nm) dispersity (see figure S1 in supporting information).The absorbance and PL spectra of the QDs are shown in figure 1(c). The PL of the QD solution has a peak at 513 nm, a full-width-at-half-maximum (FWHM) of 36 nm and a QY of 60% measured with an integrating sphere as the ratio of absolute emission photons and absorption photons. The spin-casted QD films on the glass substrate show slightly red-shifted spectrum with a 516 nm peak and a PLQY of 30%. The red shift of PL spectrum and lower PLQY of the QD film compared to that of QD solution are known to be associated to the close-packed QDs in the film form. 17 The device fabrication was started with spin-casting a ZnO nanoparticle layer of 50 nm as an electron injection layer on top of a patterned ITO glass. Then, a QD layer of 40 nm was deposited also by the spin-casting technique. Each spin-casting step was The QLED external quantum efficiency (EQE) variation with bias is shown in figure 1 (e). The device reaches a maximum EQE of 2.5% at around 5.5 V and rollsoff on increasing the bias. We aim to study the exciton dynamics of the QDs under the device operating conditions, which might provide insights into understanding the reasons for decrease in efficiency in our QLEDs at high biases.
We use the technique of fluorescence lifetime imaging measurements (FLIM) 35 to take the time-resolved photoluminescence decay of QDs inside a device under different biasing conditions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sources or in our case the electroluminescence from the device after turn-on; τ 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the broadened distribution with multiple peaks (in the blue and green color regions) in figure 2(d). In addition, it shows that the electroluminescence is much stronger at the ITO edge in the active device region (corresponding to y 0 above 120), which is not very clearly discernible from the intensity image alone. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 obtain a qualitative understanding of the exciton decay especially under QLED operating conditions. Figure 3(a) shows the color-coded images of the y 0 parameter at different biases in the selected area of the active device region and its distribution across the pixels. As one can clearly see, the background (y 0 ) is constant and has almost uniform distribution till 3 V, after which it starts increasing together with the increase of electrical current. This increasing background light intensity is associated with device electroluminescence. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the fast decay channels, which leads to a reduction in the τ 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 nonradiative recombination of excitons with Auger like mechanisms. The broadening of the lifetime distributions also suggests the spreading of the nonradiative channels among the QD ensemble. is a residual effect of the bias, possibly due to retained charges in the QDs, which prevent the full recovery of the lifetime to its original value at the start of the experiment. This also agrees with our previous discussion that the reduction in the exciton lifetime during device operation is due to the charging of QDs. Further, another measurement which was carried out without applying any bias on the device after a long time (> 3 h) shows that the exciton lifetime still further recovers, but not fully. The result indicates that the charging of the device after operation might take very long time to subside or there might be some physical QD damage during the operation.
To validate our measurement approach in active device, it may be worth discussing about our TCSPC technique to obtain the exciton lifetime in our experiments. The reduced chi-square (χ r 2 ) distribution for all the fitting is close to 1 as shown in the supplementary figure S4. Our photon detection probability 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Conclusion
In this work, we presented the effect of bias voltage on the exciton dynamics in a working QLED device fabricated using the gradient composition CdSe@ZnS QDs.
By analyzing the time-resolved PL decays of many QDs distributed on QLED devices, we understand their changing exciton behaviour with statistically large population.
Besides QY reduction of the emissive QD layer due to device structure and fabrication, charge imbalance caused by the current injection during the device 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 operation reduces the QY and lowers the efficiency of a QLED. Our detailed investigation reveals that the QD efficiency decrease in QLED devices at increased current densities is due to QD-charging induced Auger recombination, even in gradient composition CdSe@ZnS QDs.
Methods

Synthesis of CdSe@ZnS QDs
CdSe@ZnS QDs were synthesized according to a modified method reported in the were injected into the flask swiftly. The reaction was kept at 310 °C for 10 min for the QD growth. For purification, excess acetone and methanol were added to precipitate the QDs, followed by centrifugation at a speed of 7,000 rpm for 10 min. The purified QDs were dispersed in toluene for later use. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ZnO nanoparticles were precipitated with an excessive amount of acetone and then completely redispersed in ethanol. The solutions were filtered before use.
Synthesis of ZnO nanoparticles
Measurements and Fabrication
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